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FOREWORD

The attractive prospect of estimating wind profiles directly from
satellite radiance data is motivated by three factors:

e the abundance of satellite data over areas such as the
oceans which lack conventional data sources

e the cost-effective advantages of obtaining representative
winds in data-sparse regions without additional instru-
mentation, and

e the avoidance of errors associated with an indirect
approach based on collections of temperature profiles
obtained from satellite radiance data by solving the inver-
ston problem.

Several attempts to develop a direct approach have been discussed
in the open literature but have yielded disappointing results. The most
important of these efforts are reviewed in the proposal which led to this
project (Ref. 2) which is funded by The Satellite Meteorology Branch of
the Air Force Geophysics Laboratory. As discussed in Appendix G, an
interim technical report, this project extends previous work by minimizing
a specified error criterion to obtain statistic.- '+ optimal thermal wind esti-
mates. The framework established for incor;. -:ting statistical error mod-
els of relevant data sources and algorithm components is also a significant
contribution of the project.
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EXECUTIVE SUMMARY

This report summarizes a research project conducted by TASC during GFY88. with ap-
proximately one person-vear level of effort. The central idea behind the project was to use sta-
tistical models of error sources and an optimal estimation theory approach to estimate thermal
wind profiles directly from multi-spectral satellite sounder radiance data. (We refer to tiie proce-
dure as the optimal estimation algorithm i this report.) Thermal wind profiles contain esti-
mates of the vector ditference between the geostrophic wind at each of several altitudes and that
at a ~single reference alutude. The reference altitude would typically be at the fower end of the
profile, e.g.. that of a surface wind measurement by a ship-based instrument. The project was
motivated by a need tor improved wind measurements in data sparse regions such as cloud-free
areas over the ocean. It successtully implemented. the resuling algorithm would provide a com-
plement to cloud-drift wind estimation procedures. Figure ES-1 contains a schematic represen-

tation of how an operational optimal estimation algorithm might function.

Section 2 of this Final Report demonstrates clearly that the algorithm generates reason-
able thermal wind protile estimates using only approximate first-guess information typical of
what would exist in an open ocean region. Figure ES-2 presents results for two initial data con-
ditions along with rawmsonde-measured values of roral wind shear near the estimate location.
The two initial data conditions are: 1) using a temperature derivative profile derived from an
analysis field based on rawinsonde data and 2) using a crude approximation to the analyzed
protile typical of what a torecast or analy«is field might provide at an open-ocean location. For
each case. intial profiles (dashed curves) and final estimates (solid curves) are shown. The im-
portant point demonstrated by this figure is that even though the initial data provided much dif-
ferent tirst-guess wind profiles (calculated from the temperature derivative profiles via the
thermal wind equation). the algorithm produced verv similur final estimates froia ihie satellite
radiance data.

The total shear data plotted in Fig. ES-2 are rawinsonde-measured east wind differences
between each pressure level and 830 mb. Although the shape of the total shear profile is similar
to that of the other curves. it is clear that a significant non-geostrophic wind component existed
in the region. This 15 clearly a limitation of any wind estimation approach relying solely on

radiance measurements.

ES-1
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Figure ES-1 Overview of Optimal Thermal Wind Profile Estimation

Analyses described in this report show that signiticant data sensitivities may exist which
could make superiority of the optimal estimation approach over alternate approaches unclear.
For example. a primary altermate approach is to develop (i.e.. estimate) a 3-D temperature field
from a grid of satellite soundings by “temperature inversion™ applied to each sounding. Then
the thermal wind equation can be used to estumate the thermal wind profile from the layer-aver-
aged. horizontal gradients of the temperature tield. The computational burden of this indirect
approach is significantly larger than that of direct optimal estimation. due primarily to the re-
quirement for N* temperature inversions (for an N x N grid of radiance data), and is clearly sus-
ceptible to inversion errors through the numerical derivatives required to define horizontal
temperature gradients.

However, the optimal estimation approach also requires grudient data, in this case the
horizontal gradients of the radiances at each sounder wavelength. Experience with the sounder
data used in the demonstration showed that these gradient estimates can be more sensitive to
the size and location of the data grid than is predicted by error models derived from straight-
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Thermal Wind Profile Estimates by the Optimal
Estimation Algorithm

forward radiance data models. Recommendations in Section 3.2 focus on examining further,
and reducing sensitivity to, the data variability through additional error model development. If

these reductions in sensitivity are achieved, then the optimal estimation algorithm will provide a

superior approach to thermal wind profile estimation relative to both the indirect approach de-

seribed above and to alternate direct approaches discussed in Refs. 1 and 2.
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1. INTRODUCTION

This Final Report of TASC's Wind Profile Estimation project provides a summary of
theoretical and numerical results obtained since delivery of the Interim Report (the complete in-
terim report is included in this volume as Appendix G). At an interim project review meeting
held at AFGL in April 1985, much discussion focused on the importance of determining the sen-
sitivity of estimates to various model elements. Accordingly. project emphasis was shifted from
model development to sensitivity analysis to identify those model components most strongly
mftuencing estimation accuracy. In this way, future efforts can focus on the dominant error

contributors.

Mot activity since the nterim Report and meeting has been in three areas: evaluating
the new wind protile estimation algorithm using the sample data set: conducting sensitivity
analyses of the algorithms: and comparing the new algorithm with Ohring’s method (Ref. 1).
both as to implementation and numerical properties and to parameter sensitivity. Results in all

of these areas are contained in this technteal report.

Section 2 of the report contains four subsections which present the most important re-
sults of the project. The first subsection describes calculation of radiance gradient vectors from
the sample data set. Issues of gradient variability with calculation grid size and location are de-
scribed in detail (see also Appendices A, B, and D). Results related directly to the new optimal
estimation algorithm are presented in the second subsection of Chapter 2 and Appendices C
and E. These include an interesting and important theoretical result which shows that the algo-
rithm. as implemented, scules the first-guess wind profile so as to best fit the radiance field data.
Numerical results (i.e., thermal wind profile estimates) resulting from several initial tempera-
ture gradient profile assumiptions are presented in this subsection. The third subsection presents
results of applying OF ~.g's spethod (Ref. 1) to the same data set. Finally, the numerous sensi-
tivity results are code od in the fourth subsection of Chapter 2 and Appendix F.

Delivery of thiv  Lrt constitutes completion of research efforts for this program. A
summary of the coaclusions which can be drawn is contained in Chapter 3. While all of the
tasks outlined in the contract Statement of Work have been completed, additional effort will be
required to fully implement a temperature gradient profile error model for the algorithm. That




etfort and other tasks leading toward an operational algorithm are discussed briefly in the final
subsection. Those tasks should lead o a practical. operational aleorithm for producing thermal

wind profiles directly from sacetlite radiance data.
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RESULTS

21 RADIANCE GRADIENT VECTORS

High Resolution Intrared Radiaton Sounder 2 (HIRS. 2) data selected for analysis were
from the 11 x 11 grid shown in the box in Fig. 2.1-1. Contour lines in the figure are radiance in-
tensities for the visible channel (channed 207; the box is located in a region of relatively low in-

tensity from this channel indicatng a hkelv cloud-free area. (This is consistent with AVHRR
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images of the region.) Figure 2.1-2 shows the grid location within a geopolitical map of the

western Mediterranean region,

In Appendix A, plots of the data from the six channels used in this demonstration are
presented. Table 2.1-1 idendties the channels and their center wavelengths. There are two plots
i Appendin A for each channel. cach containing radiance values along six scan lines (the cen-
ter of the 11 scan lines is in both plots). Scan lines and track axis distances are identified by lo-
cal rack-scan coordinates (in hm) in which (0. 0) is at the northwest corner of the region and

(400, 20th at the southeast corner. (Note that the tack-scan axes are rotated at ¥ = 20° rela-

tive o north-east courdinates.)
Estimates of the radiance gradients for all channels were calculated from local planar
fits to the data surtace within the region of interest. Appendix D presents details and an error

ty 129458

12 07 -nx

SOUNDER
SCAN LINES
'+ GIBRALTA
‘RAWINSON
' STATION
! DATA
¥ REGION

r'

Figure 2.1-2 Geographical Location of Data Region

o
!
to




Table 2.1-1 Summary of HIRS2 Data used in the Demonstration
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model tor the gradient esumaton procedure. Gradient esumates depend critically on the region
over which the planar titis made. Region selection was based on observed variability of the esu-

mated gradients with region size and location.

Figure 2.{-3 contains the radiance gradient vectors compuced ac the grid center-point us-
my S wrid sizes for channels X and 150 Clearly the apparent slope at the center depends very
much on the scale over which the slope is evaluated. Examimaton ot vector plots similar to

Fig. 2 1-3 tor all six channels reveals the followimg:

o  Usimg the 3 x 2 grid vields gradients much ditterent than those trom the

xS and larger grids
o [Uwing 3 x 3 and 7 x 7 grids vields similar gradients
e Usmng 9 x9and 11 x 11 grid yields similar gradients

o The 9 x 9 gradients are usually quite different than the 7 x 7 gradients.

These observations indicate that the 9 x 9 (and 11 x 11) grids centered at the center-point
of the data region contain data influenced by clouds. Presence of those clouds was also
indicated by the relatively higher channel 20 returns near the southeast and northeast comers of

the data region (see Fig. 2.1-1).

To quantify the variability of the radiance gradients with position of a 7 x 7 calculation
grid. mean values and standard deviations tor each channel as the 7 « 7 grid is moved over the
23 possible locations within the 11 « 11 data region are shown in Table 2.1-2, along with the
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corresponding model-based standard error for the gradient component estimates. Sample stan-
dard deviations in Table 2.1-2 mdicate that there is significant variability for channels 4.5, 6 and
13 as the center-pomt of the 7 x 7 array is moved about the data region. Some of that variability
is certainly due to the cloud etfects already noted near the northeast and southeast corners of
the region. The sample standard deviations are substantially larger than the model-based stan-
dard deviations suggesting that presence ot the clouds causes non-negligible “model-error™ in

the planar fit approach to radiance gradient estimations (see the discussion in Appendix D.2).

After some experimentation. and consistent with the idea of using as large an area as
possible on which to base the gradients (swhich are used by the synoptic-scale thermal wind
equation), it was decided to use gradients computed using 7 x 7 grids. Unless stated otherwise.
all estimation results presented in the rest ot this section are based on the radiance gradients es-
umated at the center ot the T x T data region using a 7 x 7 region tor the planar fit. These gra-
dients are tabulated tor all ~ix channels i Table 201-3 along with the standard deviation of the
estimation error tor cach chame! based on the error model presented in Appendix D (see
Eq. D.2-8).

Appendix B contains plots showing the normatized gradient vectors based on 7 x 7 pla-
nar fits centercd at each ot 25 grid points for cach of the ~ix channels. Although there s still
some variabthity in the gradient direction among the computed values, they do not vary wildly

from one grid point to another.

Table 2.1-3  Estimated Radiance Gradients at Center of Data
Collection Region (7 x 7 Planar Fin'"
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OPTINIAL ESTINMATION METHOD

2.2.1  Optimal Estimation Algorithm Interpretation

Although no tundamentaliy new equations have been developed which require moditfica-
tion to the description of the opumal estimation afgorithm found in Section 3 of the Interim Re-
port (Appendix G). implementation ot the algorithni has led to additional insight regarding its
interpreration.

Consider esttmation ot the cast component of the thermal wind shear (relative to a fixed
lowest level. 2y) at each ot n levels:
tu(zy)

ulz,)

(The north comyponent can be treated iy a similar fashion.) As shown in Appendix G this vector

of estimates can be computed using

u = -(R/t)y C¢ (2.2-2)

where g is a vector of partial derivatives of the radiances with respect to the v coordinate and R

and f are the gas and Coriolis constants respectively. The optimal set of weighting constants is

C=a #' p' (2.2-3)
where
P=1+0¢ (22-4)
A ol : S
f = K(CQ) . (§)dC (2.2-5)
0 (,_\
and
I -'r
«a, = f % (§) d&. i =1..... n (2.2-6)
;o 0y

InEQ. 2.2-3. z = In (p./P) Where p is the pressure level and p, s is an arbitrary reference pres-
sure. zp is the z value at the (approximate) top of the atmosphere (z¢ corresponded to the

2-6




1O mb level in all computations) and K(Q) 15 the vector of kernel tunctions defined in Appen-
dix G

By rearrangmy the tactors in the optimal estimator, Eq. 2.2-2, the vector of estimates can

be written:

u o= (gl Py (- (R/E) a) (2.2-7)

But the second factor is the extimate one would compute directly from the assumed temperature

gravhent profile usme the thermal wind equation.

- AR/t « (2.2-8)

So. the opumal wind protfife estimate can be written
uo-odou? (2.2-9)

-

where d is the scalar constant tound in the first tactor of Eq. 2.2-7 which does not depend on the

levels at which components of u are detined.

Now. examination of Eq. 2.2-9 shows clearly that the optimal estimate. bused on ull of the
satellite radiance data. 1= simply a scaled version of the inital thermal wind estimate. As will be
brought out in the discussion of results. the asswmed temperature gradient profile establishes
the shape ot the vertical profile: then the optimal estimation procedure uses the radiance gradi-

ent data to scale  that protile (by d) so as to best explain those observed gradients.

LR N}

Equation 2.2-2 15 based on the error model for the temperature gradient estimates but
not on the error in the assumed temperature gradient profile. Therefore the above interpretation
does not establish an absotute imit on the usefulness of the satellite data for this application.
Once a temperature gradient profile error model has been incorporated. provided that those er-
rors (i.e.. the variances) change with altitude. ~ome reshaping of the thermal wind-derived pro-

file can be expected.

2.2.2  Temperature Data and Approximations

The optimal estimation algorithm. Eq. 2.2-2_ is based on assumed, measured or esti-
mated temperature and temperature gradient profiles. The Gibraltar sounding taken one hour

before the satellite radiance measurements were acquired was used for this demonstration.




(Procedures which could be ased in an operational implementation are discussed briefly in Sec-
ton 3 The Interim Report. Appendix G, described  the satelhite radiance data ~set. the
rawindsone data. and the synopuc situation on which this demonstraton is based in some detail.
Figure 2.2-1 contains the temperature profile generated from the rawinsonde sounding: the
Planck tunctions used in calculating the kernel functions were computed using this profile. Plots
of the Kernel tunctions tor each channel are contained in Appendix C. Those profiles. and sev-
erat others shown in this report. are plotted against the z variable detined in the previous subsec-

ton with p..; chosen (arbitrarily) to be 1013 mb.

The areal coverage ot a temperature analysis on six isobarie surtaces which was used to

compute temperature gradients is itlustrated m kg, 2.2-20 The tigure contains the 830 mb NMC
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temperature field for 1200 UTC 4 March 1982 interpolated to a 1 deg by | deg grid (- 100 km)
and contoured in 2 deg O increments. The horizontal temperature gradient on each surface was
computed at every grid point. then values within a 3x3 subgrid centered on Gibralter were aver-
aged. vielding representative gradients at 330, 700, 300, 300, 200 and 100 mb. (A 3 x 3 subgrid
could have been selected. since its area would approximate the ~ize of the area over which radi-
ance gradients were computed. However. it was decided that the 3 x 3 subgrid would provide
more information about the atmosphere around and above Gibraltar.) The results of the gradi-

ent computation are shown in Table 2.2-1.




Table 2.2-1 Temperature Gradients Based on a 3 x 3 Subgrid (deg C/m)

o - TEMPERATURE GRADIENTS

PRESSU RE - : - .
imb) ZONAL VMERIDIONAL

{Easy {North)
N30 270 x ot S R PN T
10 SNTx 0T S.T2 N 0t
S(K) -1.37 x 1o~=h B I N KT
200 o8N 107 ANT N g
200 1228 10 3238 1g7h
OO 209N 10T Sada Tt

The temperature gradients at sin levels were mterpolated and extrapolated to produce
the profiles shown in Fig. 2.2-3 Note well the siemficantly Targer magnitude of the north
component which will be retlected throughout the report by the emphasis on the east component
of the wind profile estimates. Although computations can be. and are. carried out for the north
component of the thermal wind protile. the magnitudes are tvpically within the “noise™ of the

available data and should not be considered very meaningtul.

In order to reflect an operational situation with some realism, the “exact” temperature
gradient profiles in Fig. 2.2-3 were not used in most of the following results. Instead., reasonable
piecewise linear approximations to the two components were used which are representative of
what might be generated trom. for example, forecasts of the temperature fields in the region.
Figure 2.2-4 shows three ditferent approximations to the (larger) north component and the sin-
gle approximation used for the (smaller) east component. each superimposed over the corre-
sponding data-derived profile. Sensitivity of the algorithm to the assumed profile will be
mdicated by resuits based on these three north-component approximations presented in the
next subsection.

2.2.3 Baseline Optimal Estimation Results
The primary purpose of this section is to establish the baseline case on which the sensi-
tivity results presented in the next subsection are based. Of almost equal importance are the
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results concerning dependence ot the new opumal estimation alzorithm on three tundamental

selections

e  Choice of the grid trom which the radiance gradient data are derived
e  Choice of the HIRS 2 channels (e, wavelengths) used by the data processor

e  Choice of the miual guess of the remperature gradient profile.
Our buseline case will be based on the tollowing selections:

e  Ruadiance gradients computed trom the 7 x 7 grids (as discussed in Sec-
non 2.1

e Chamnels 3. 4. 3. 0. 13, and 16

e  The interpolated temperature gradient profiles in Fig 2.2-3.

Selecuion of the 7 x 7 grid radiance wradient has been discussed v Section 201, The six IR chan-
nels were chosen because their levels of peak energy contributions appear within the
troposphere and are less fikely to be intluenced by carth surtace ettects. Finally, while using the
mterpolated temperature gradient profile may not be realistic operationallv, its use here as the
baseline permits more accurate evaluation of the aleorithm’s sensiuvity with respect to model
parameters. Detailed investigations ot the influence of the choice ot approximate temperature

gradient profiles and of channels are summarized in this subsection.

Results for The Baseline Case are summarized in Table 2.2-2. In all of the tables in this
subsection. estimates entered on a line corresponding to a specific pressure are of the difference
between the geostrophic wind component at that level and that at the reference level (850 mb in

all cases). This table displays both the initial thermal wind esumate which is consistent with the

Table 2.2-2 Results of the Baseline Case'"

INTTIAL THERMAL WIND | FINAL THERMAIL WIND
PRESSURE FSTINMATE FSTINIATE
LEVEL — - - —
FAST NORTH EAST NORTH
700 mb 6.6 vy 1.8 7.2
500 mb 14 6 TS 23 4.3
300 mb 234 0.2 370 1.5
200 mb 289 0.3 45.7 2.1
100 mb 227 TN 3z 5.2

(1) Wind speeds in m / s




mitial temperature gradient profile and the final estimare which resutts trom processing the sat-
ellite data. Note the stunmiticant ditference in the relative magnitude of the two wind components
(m both the mittal and tinal estimates): this s consistent with the earlier conunents regarding
the much smaller temperature derivative in the cast-west direction. Note also that there is sig-
niticant ditterence between the mital and timal thermal wind estimates. This is the tirst clear in-
diccrion that the satelhite radiance data are. in some sense. inconsistent with the initia.

temperature analysis hield.

Uependence on Temperature Gradient Profile

As noted carlier. an operational adcoritdhim cannot expect to have a complete tempera-
ture gradient profile derived from independent soundings available at forecasting times. [n or-
der 1o study the ctfect ot using an approximate  profile. the four piecewise-linear
approximatons to the imterpolated protile which were shown i Fig. 2.2-4 are used in the algo-
rithm. (TN i the tigure represents an approximation to the east derivative and TY1. TY2 and
TY 3 are approximatons to the north derivauve) Tables 2.2-3 and 2.2-4 respectively contain the
oittial and final thermal wind estimates based on each of these approximations (as well as the

bascline results for comparison).

As would be expected. the good precewise hinear approximations to the interpolated
measurements (TX and 1Y 3) vield results which are close to those obtained using the exact
measured protile at most fevels. The sign ditterences which appear in the north-component
extimates do not represent signiticant deviations because the magnitudes are very small. The

other two east-component approximations result m estimated protfile » represented by

Table 2.2-3 Initial Thermal Wind Estimates'"’

EAST COMPONENT NORTH CONMPONENT
APPROXINIATIONS

PRESSURF BASET INFE BASEI INE TN

{ ENEIL (NTEASTE REN ) - INEASURED)
Iyl Iy Tyl

“oh mh hh hol - b A 11 1.2
S0 b 14 A |3 < 6.3 la. | A [
Wy mb 234 1748 9 4 257 .2 n.n
200 mb 2% 4 4 A y.7 242 03 1.2
160 mb 227 ih 6.1 26.6 0~ 1.3

1y Wind speeds om0 s

to
—
‘'




Table 2.2-4  Final Thermal Wind Estimates'V

FAST CONMPONENT NOKTH CONMPONENT
APPRONINVIANTEHONS

PRESSURFE RASFLINE BASEFLINE i\

[ FVEL (NLEASU RFEND ) . INEASLUREDD ’
Iy! 2 I'Y3

Ton b 103 (R EIN 4.7 - 62
o0 mb 230 2a 248 236 13 Y.k
Jon o mb 370 RENY 36 Y RI) N 0.1
2anomb 357 N2 In 4 427 2 A2
oo mib R 31 2400 KRN <2 S

(1y Wind speeds inm s

values at five distnct levelsy which are somewhat tarther from the Baseline esumate. The impor-
tant point 1s that although the ntial profiles corresponding 1o these appraximations are sibstanally
different than the Buseline inttial profile. the final estumates are much closer to those for the Buseline.
That s, there is a convergence toward a common protile as a result of processing the satellite ra-

dtance gradient data. (See also the Executive Summany and Fig. ES-2).

Dependence on Choice of Channels

As indicated above. the six IR channels i Table 2.1-1 were chosen because of the lo-
cation of their peak absorption bands and their irclanve) lack of sensitivity to surface radiance.
The purpose of this briet section is to present one set ot results based on subsets of those six
channels. Again. only the cast-components of the thermal wind estimates are considered.
Approximaton TY2 was used tor the temperature derivative profile in this study to reflect a
non-ideal operating condition. Table 2.2-5 contains the tive-level profites for six selections of

channel sets along with the six-channel resules from Table 2.2-4.

Comparing Case Il with the all-channels result indicates that the omitted channel 4 data
can be elimimated with liwtle eftect for this cuse. On the other hand. while dropping channel 6
(Case ) produces a large change i the estimated profile. dropping both channels 6 and 15
(Case [ll) again produces a result close to the all-channels result. Case 1V, another set of four
channels. is significantly poorer than Case [Il. Cases V and VI, which use only three channels.

produce equally poor estuimates.




Table 2.2-5 Thermal East Wind Profile Estimate
Dependence on Channel Selection'"

CASE NUNMBER CHANNELS

AL . . .
PRESSURFE | CHANNELS | [l T [N \ \i
LEVEL (Table 2 24, l . R ) .
]\: I'C\lll() 1_1\ "?'h' "'J“\' "‘_'J' :“f :L
[s.ih 15.16 16 I3 1A I 13, 1A
TO0omb lir < T 14 [P- 41 4.4 3y
00 mh AREN A~ ARIS A 7N 3 92
M08 mb iU 25 6”7 412 46 1533 L3~
200 mh In 2A 0 s 128 IS N 143
[0 mh 240 [A 3 2y BRI VAN VRY Y

Chy Wind speeds mom s

In examming these results. it should be remembered that the underiving 1dea is to tind a
linear combination ot tunctions (the kernel tunctions, K, ) such that the statistical optimization
criterion is minimized. Therefore. using tewer ot those tunctions can only increase the expected
square error. From the pomt of view ot fookmyg tor an operational implementation of the algo-
rithm. using four channels (instead of sixy otters an insignificant saving in computer tiime and
data handhing requirements. ~o is not a crinical desiginissue. [t would be possible to invesugate
the contributions ot cach channel over a statistically  significant data set and make
recommendations regarding the best chorce tor channel wavelengths, but such an effort is be-

vond the scope of this rescarch contract.

2.3 OHRING'S METHOD

The approach o wind shear protile estmation proposed by Ohring. Neeman. and Dun-
can (Ref. T) was discussed in Ret. 2 as a point of departure for the new optimal estimation
approach under investigation. In order to compare results of the two approaches. the basic algo-
rithm in Ref. 1 (hereatter referred to as Ohring’s method) is outlined in this section. These

equations will be used agam fater while discussing sensitvity ot the two algorithms.

The estimate of the wind shear (east component) between levels z, and z,,, is based ona
weighted sum of measured (actually, estimated) radiance gradients just as is the optimal estima-

tor developed in this rescarch,

w )y = -(R/f) ¢! R, (2.3-1)




where the subscript L indicates an estimate ot wind shear over one specific aumospheric layer,
and

Ry AR,

a .. i

R\:

(m = number of radiance measurement channels). and the 1 subscriptin ¢ emphasizes that the
optimal weights depend on the layer through which the thermal windshear is estimated. The

vector of weights. ¢, ix caleulated to mimimize the following tuncuon:

5

I .
ey = [ Z ¢y KQ) - wWi(Q) L (2.3-3)
1} )
where
] A L\ AT
W) = (2.3-4)
() otherwise
The K;.j= 1. ....om. are the same kernel functions used in the new optimal estimation approach.

This corresponds to “Method 17 in Ref. 1. Although four other minmimization criteria were
evaluated in that reference. there was not a sutticient improvement using the more complex cri-
teria which warranted their implementation for this comparison. The optimal weighting vector

is calculated using.

¢ = M b, (2.3-3)
where
/1
M o= J KO K¢ 'dg (2.3-0)
()
and
b, = j KO e i=1...n (2.3-7)

Two results using Ohring’s method are presented. one using all six HIRS/2 channels, and
the second using a subset containing channels 3. 4, and 15. While these two cases will be com-
pared with results of the Optimal Estimation Approach presented in the previous subsection,
they certainly do not constitute a complete evaluation of Ohring’s method for the sample data
set. As will be shown. kernel functions for the six HIRS/2 channels are far from ideal for
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approximating the pulse-shaped weighting tunctions (Eq. 2.3-4). This condition leads to severe

numerical problems when implementing Ohring’s method in a straightforward manner.

-

Using the radiance gradients computed from 7 x 7 grids (ax discussed in Section 2.1)
and all six HIRS:2 channels resulted m the exwremiely poor estimates of the East thermal wind
within each faver shown in Table 2.3-1. The reason tor this poor result is that the least-squares
problem (see Eq. 2.3-3) leads 1o a minimizing solution vector. ¢,. for layer i which has a very
large norm becati.¢ oi Jhe poorly conditioned M matrix (Eq. 2.3-6). This poor conditioning is a
direct result of the dependence among the kernel functions (see Appendix C). That is, the Kernel
functions are too simiilar so that there exist linear combinations ot them which are nearly identi-

cally zero on each mterval ot interest

That the least-squares problem has been solved correcthy is demonstrated in Figs. 2.3-1
through 2.3-3 which show the (ideal) pulse function and the approximating curve defined by the
“optimal” linear combination of the six kernel functions (solid curves) for each of the five lay-
ers within which the thermal wind is estimated. Clearly, the approximating tunctions have large
non-zero portions outside of the estimated Taver, a direct conseqguence of the entorced minimi-

zation of the criterion tuncton.

For the three-channel case. the approximating functions (dashed lines in Figs. 2.3-1 —
2.3-3) while not as “sharp™ in the region of the ideal pulses. avoid much of the large side-lobe
oscillutions. (See. tor example. the much smoother curves for the two favers above 300 mb.)
But. as shown in the right-hand column of Table 2.3-1, this three-channel case results in more

reasonable estimates of the East thermal wind in each layer.

Table 2.3-1 Ohring’s Method Results: East Component
of Thermal Wind

LAYER 6 CHANNELS 3 CHANNELS
N3 — 700 mb -5.0 3.0
700 — 00 mb -132.1 S
00 — 300 mb 1721 13.4
300 — 200 mb 109.1 6.9
200 — 100 mb -431.4 54
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Table 2.3-2 contains the calculated coefficients for two typical layers for the two cases
and Table 2.3-3 shows the East component estimate contributions resulting from these coeffi-
cients. Clearly. the large coefficients in the six-channel case lead to sums of positive and
negative terms whose magnitudes are much larger than the estimated quantities. This effect is
especially clear in channels 4. 5 and 6. a direct result of the similar kernel functions for these
channels (see Appendix C).

Table 2.3-2 Optimal Coefficients from Ohring’s Method (East Component)

LAYER
CHANNEL S350 mb — 700 mb 200 mb — 100 mb
6 channels 3 channels | 6 channels 3 channels
3 -557 213 4951 -1381
4 3963 301 -4.05x104 193
5 9730 —-mee- 6.56x10%  —mmeee
6 4986 ———mme 2.04x10% —eeeee
15 -5.50x10%0  -1.85x10Y | -4.94x103 -1987
16 4.37x105 oo 38 1274 1| R —
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Table 2.3-3  Optimal Ohring’s Method Contributions (East Component)

LAYER
) CHANNEL S350 mb — 700 mb 200 mb — 100 mb
6 channels 3 channels | 6 channels 3 channels

) 3 34 1.3 297 8.3
3 -76.3 3N 7800.9 -3.7

3 4515 -- -3044.8 _—

6 -306.2 — 1662.2 ——

13 224 -— 200.7 —

16 {).4 A -0.7 0.8

TOTAL -5 3) 4314 5.4

Finally, Table 2.3-4 lists the estimates for both components ot the thermal wind profile
produced by Ohring’s method (using only channels 3, 4 and 13) along with those generated by
the Optimal Estimation Technigque. (The East component of this profile was presented earlier in
Table 2.2-5. case V) Note that the values in Table 2.3-4 are the estimated thermal wind
between the indicated level and the reference. 830 mb. level: the cast component values. for ex-

P

ample. are obtained from the results in Table 2.3-1 by summing the layer estimates up to the in-

dicated pressure level. [t should be emphasized that there is no tundamental difference between

Tabte 2.3-4 Comparison of Optimal Estimation and Ohring'’s

Method Estimates (Channels 3, 4, and 135)

WIND PROFILE (nv/s)
LEVEL East North
Ohring Opt. Est. Ohring Opt. Est.

700 mb 3.0 4.4 -5.2 -0.4
500 mb 11.0 10.3 1.0 -0.6
300 mb 245 15.3 27.7 -0.0
200 mb 314 15.9 39.0 0.4
100 mb 36.8 9.9 33.0 0.5

to
!

to

—_—




the two formulations (i.e.. faver-by-laver estimates vs. summed-layers); Ohring’s method and
the Opumal Estimation approach have much different characteristics, but nor because of this
feature of their formulation.

To summarize. although Ohring’s method i~ susceptible to numerical difficulties due to
dependent kermnel functions. it could be stabilized by using a singular value decomposition
procedure or any similarly robust algorithm for ill-conditioned least-squares problems (Ref. 3).
The important difference between Ohring’s method and the Optimal Estimation approach is
that because the former method is based on obtaining a least-squares fit to the pulse functions
(Eq. 2.3-4), its estimated profiles can never achieve a smaller mean-square estimation error

than those of the latter approach over a representative sample ot cases.

2.4 SENSITIVITY EVALUATIONS

The objective of this sensitivity evaluation is to demonstrate the dependence of thermal
wind profile estimates on algorithm data and parameters. The first subsection deals only with
the new optimal estimation algorithm and uses direct perturbation of the data and parameters to
evaluate sensitivity. In the second subsection, analytical expressions derived in Appendix F for
logarithimic derivatives of the estimates of both the optimal estimation and Ohring algorithms
will be used. These local results describe sensitivity with respect to small changes in the kernel
functions and provide a basis for two interesting comparisons: tirst. with the large-scale pertur-
bation results for kermel functions presented in the first subsection, and second. between the lo-
cal sensitivities of the optimal estimation and Ohring algorithms.

Results in this section augment the investigations reported in Section 2.2.2 into depen-
dence of the optimal estimation algorithm on the assumed temperature gradient profile and on
the choice of HIRS/2 channels. Emphasis in this section is on perturbation of scalar parameters
instead of those more complex algorithm variations. The kernel function sensitivities reported
here are. in fact, also based on functional perturbations although those perturbations are de-
fined by scalar parameters.

2-22




2.4.1 Perturbations of Data and Parameters

All perturbations presented in this section are departures from the data and parameters

uvities with respect to the tfollowing data and parameters have been investigated:

e  Temperature gradient profile
e  Radiance gradients
e Radiance gradient error covariance matrix

° Kernel functions.

Sensitivities were evaluated separately for cach item, then a single run was made with all of
these items perturbed to assess the combined effects in at least one case. Each of the
investigations required a slightly different perturbation technique; these are discussed individu-

ally along with each result in the remainder of this subsection.

Results are expressed in normalized form: fractional (or percentage) change in the esti-
mate is plotted against fractional change in the parameter. One can define a scalar sensitivity.

based on a flineur model by
Sy = [aw/ul] / [Ap/py] (2.4-1)

where the superscript ” represents baseline values. Values of S, will be used in the following dis-
cussion when comparing sensitivities with respect to different parameters. Finally. results are
presented only for the etfect of perturbations on the zonal (i.e.. east) component of the thermal
wind estimate. This choice was made because the meridional (north) component of the thermal
wind estimate was too small to be significant.

i) Temperature Gradient Profile Errors

Zonal wind estimates depend on the meridional component of the temperature gradient
profile (Eqs. 2.2-5 and 6). Perturbations were first applied to the temperature gradients
developed from the NMC analysis fields (see Section 2.2.2) at two individual levels (850 mb
and 500 mb) and then simultaneously at ali six levels. For each case. a continuous profile was
generated by linear interpolation between the six levels, just as was done to develop the baseline
profile in Fig. 2.2-3. Because of this procedure, perturbations at one level cause profile pertur-
bations only between adjacent levels: from 1013 mb (surface) to 700 mb for the 850 mb pertur-
bation and from 700 mb to 300 mb for the 500 mb perturbation.




Two tvpes of perturbations were used: additive and multiplicative. Additive perturba-
tions are of the form

T(2) = Tz) + a| 1)) (2.4-2)

where T, represents the partial derivative of temperature with respect to y (the north coordi-
nate). The perturbation term in Eq. 2.4-2 is alwuys positive and equal to the selected fraction, ¢ ,
of T,(z;). Additive perturbations are characteristic of bias or “drift” instrumentation errors or
data processing algorithm effects. Multuplicative perturbations are given by

Tz) = (1 + ) Ty(z) (2.4-3)

where « is the selected fractional perturbation. Multiplicative perturbations are characteristic
of scale-factor instrumentation etrrors or data processing algorithm effects. That these two
forms lead to significantly different temperature protiles is illustrated in Fig. 2.4-1 which shows
the nominal and both perturbations of the meridional r=mperature gradient profile based on a
40¢ perturbation at all levels.

(i-13%36
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s
< -1.2 x 10°5 S
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Figure 2.4-1 Nominal and Perturbed Meridional Temperature
Gradient Profiles
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Resules for additive perturbations ot 109, 20 and 40¢¢ in the entire meridional temper-
ature denvative profile on thermal wind estimates within three lavers are summarized in
Table 2. 4-1 The radical ditference between sensitivities of estimates in tayers below 200 mb
and that in the 200 mb o 100 mb laver can be understood through careful examination of the

R

estimation equations. g, 2 2-3 reveals that the nominal temperature gradient profile reverses
sign within the highly sensitive layer. and that sign reversal leads to a perturbation term which
does notexist in other layers. Within the other layers sensitivity actually decreases with increas-

ng perturbation, almost surely due to numerical effects.

Additve perturbations of the meridional temperature gradient at only one level pro-
duced the results shown in Fig. 2.4-2. (perturbing the gradient at 850 mb) and Fig. 2.4-3. (for
the gradient at 300 mb). The positive perturbations decreased the thermal wind estimates in
adjacent layers, but increased estimates within other lavers in every case. Values of the sensitiv-
ity coetticient. S, range between (.20 and 0.36 for these perturbations. That is. the fractional

change i the estimates were smaller than the fractional changes in the data by 44¢¢ to 80¢.

Multiplicative perturbations produced ditferent sensitivity characteristics. but similar
sensitivity coefficient values. Perturbing the temperature gradient values at a/l levels has almost
no eftect on the estimates. This is a direct consequence of the approximate linearity of the est-
mates in the temperature gradient profile for the radiance gradient sensitivity model used
during this demonstration. The linearity is due to the fact that, in Eq. 2.2-4. the diagonal ele-

ments of the second matrix (dependent ong) dominate the gamma matrix diagonals.

When multiplicative perturbations are applied to values at only selected levels. larger.
but still rather small sensitivity s evidenced. Figure 2.4-4 summarizes the results for perturba-
tons i the meridional temperature derivative at 830 mb. The S values for this case. 0.1 and
0.39. are typical of those for multiplicative perturbations at other levels.

Table 2.4-1 Fractional Changes in Layer Estimates
Due to Additive Perturbations

Fé‘AD(DT'?;')\\i[ LAYER 2 LAYER $ LAYER 6

- PN TS ) YA

CHANGE 700-300 mb 300-200 mb | 200-100 mb
010 0042 0042 0.30
0.20 0,032 L0.032 0.75
0.40 0,002 L0003 214
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Figure 2.4-2  Sensitivity of Thermal Wind Estimates to a 830 mb Temperature
Gradient Additive Perturbation

i) Radiance Gradient Perturbations

The optimal thermal wind estimation algorithm is a linear mapping of the measured ra-
diance gradients into thermal wind estimates. Theretore. perturbation of all radiance gradient
channels according to

YR = (VR), (I + a) (2.4-4)

for any a yields a thermal wind estimate scaled by the same (1 + ¢ ) factor. (In effect, S =1 for
this case.)
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More interesting results are obtained by considering perturbations in each channel sepa-
rately. In fact, it is easy to show that, for the thermal wind estimate within any layer resulting
from perturbing the j'! radiance gradient,

é(ﬂ) = ¢ (uj/u“) (24'5)
u

where a; is the contribution to the unperturbed estimate, u’, by 4R;/dy. Table 2.4-2 lists the fac-
tor §, = a;/u®in Eq 2.4-5 for each of the six channels used in the demonstration. Channels 5.
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Figure 2.4-4 Sensitivity of Thermal Wind Estimates to a 850 mb Temperature
Gradient Multiplicative Perturbation

6 and 15 are clearly the major contributors to the estimates. therefore exhibiting the highest
sensitivity.

iii) Radiance Gradient Error Variance Perturbations

These parameters, the diagonal elements of the radiance gradient estimation error
covariance matrix, [ in Eq. 2.2-4. were included in the perturbation analysis because their
“correct” values would vary considerably in an operational system due to variations in the
radiance-measuring instrument. the geometry of radiance measurements, and possibly atmo-
spheric conditions. If these variations were modeled accurately, significant changes in the error
variances could result. (Of course, an implementation of the algorithm could ignore the
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Table 2.4-2 Sensitivities with Respect to Radiance
Gradient Components

CHANNEL S
3 0.0029
4 0.0216
h) 0.2948
6 0.5220
[3 0.1643
6 (0.0000

variations and use a conservative. but incorrect. large vaciance in all conditions. Consideration
of this alternative is beyond the scope of the current study.)

For simplicity. ali diagonal components were perturbed by an identical scale factor. This
15 representative of the effects of altered radiance data location geometry, but with the individu-
al channel error variances either remaining fixed or scaling equally. Results for this investiga-
tion are presented in Fig. 2.4-5. The relatively small sensitivity of estimates to these parameters
is dramatically indicated by the logurithmic scale on the abscissa. Note that for scaling by factors
less than 1.0, the sensitivity remains zero. The extremely small sensitivity for factors less than
100 is a consequence of the P matrix (Eq. 2.2-4) being dominated by the #9' term rather than
the ' matrix.

iv) Kernel Function Perturbations

Kernel function perturbations are the most critical of those considered because of the
known sensitivity of the kerme, functions themselves to variations in the temperature profile on
which they are based. Because an operational implementation would, of necessity. use at besta
forecast of the temperature profile at the time of data collection, this known sensitivity could
lead to significant thermal wind estimation error.

Kernel function sensitivity to temperature variation was investigated analytically by dif-
ferentiation and numerically by making finite perturbations in the temperature data. From the
kernel function formulas found in Appendix G, one can show that (approximately):

T(z) 3K _cwy

K(z) oT '~ T()

Siy(z) = -2 (2.4-6)
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Figure 2.4-5 Sensitivity of Thermal Wind Estimates to Radiance
Gradient Error Variance

where

¢2 = he/k = 1.439 cm deg (2.4-7)

(h and k are the Planck and Boltzman constants and ¢ is the speed of light). and T(z) is the ac-
tual temperature at the level, p(z), of interest and v; is the wave number (in cm™') of channel ).
The maximum error in Eq. 2.4-6 is under 6% and occurs at that z for which the temperature is a
minimum and for the minimum wave number channel {j = 3). Applying Eq. 2.4-6 yields the
(infinitesimal) sensitivities summarized in Table 2.4-3. Recall that Sy = 2.0, for example,
means that a 1% change in T(z) would cause a 2% change in K;(z). Thus, the sensitivities in
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Table 2.4-3 Seansitivity of Kernel Functions to Temperature

CHANNELS SENSITIVITY (Syj) RANGE

3.4 506 1.5 < Sy« 3.0
(small wavenumbers)

15, 16 9.0 <S¢, <135
(large wavenumbers)

Table 2.4-3 are indeed large. However, a 1¢¢c change in temperature is, in fact, quite large rela-
tive to typical temperature uncertainties for nominal temperatures between 210° K and 289° K.
If a profile were in error by 1V K over its entire length (i.e.. less than (0.5%), the percentage
change in Kj(z) would be on the order of ).8¢ and 4¢¢ for the low and high wave-number chan-
nels, respectively.

For the numerical investigation of kernel function sensitivity to temperature. equal (posi-
tive) percentage changes were made to the entire temperature profile. the resulting perturbed
kernel functions computed. and the average percentage deviation of K(z) from its nominal val-
ues between z = () (the reference pressure level. p = 1013 mb) and the top of the atmosphere was
calculated. Figure 2.4-6 contains plots of this average sensitivity for channels typical of the
smatler wave numbers (channel 3) and larger wave numbers (channel 13). The dramatic differ-
ence in the behavior of these two cases is due to the effects of the exponential. exp{czvj/T(z)}.
which appears in the Planck function factor of the kernel function formulas (see Appendix F).
Clearly, the extreme sensitivity of the higher wave number channels already apparent in the in-
finitesimal sensitivities in Table 2.4-3 is even more evident in the finite perturbation results. As
a result, an operational implementation of the optimal estimation algorithm examined in this
project should attempt to use relatively smaller wave number (i.e., longer wave length)
channels.

Finally, the impact of uniform percentage changes in the kernel functions on the thermal
wind estimates is shown in Fig. 2.4-7. Estimates are most sensitive to channel 15 for which St =
0).5 for up to a 26% change in the kemel function (at all values of z). Perturbations in all chan-
nels, which would be the case when perturbations were due to a temperature profile error, lead
to St = 0.8.
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Figure 2.4-6 Average Sensitivity of the Kernel Functions to the
Temperature Profile

The investigation presented here did not pursue the obvious next step, calculating esti-

ble parameter perturbations.

mate sensitivity due directly to temperature profile perturbation, because realistic perturbation
profifes were not available during conduct of this study. Because of the relatively large sensitiv-
ity of the higher wave number channels, it is extremely important to assess this sensitivity. Real-
istic temperature profile perturbations, rather than arbitrary constant percentage perturbations,
should be used in the study to avoid raising unrealistic concerns due to improbable or impossi-

2-32




CHANGE IN UT (%)

20

18

16

14

12

10

(1-13%060
2-21-»y

v i i 0 AEmEa | ) o
ALL
CHANNELS —»=
s ~
7
/ -4
7
S/ .
/ -4
CHANNEL 5 _— = |
/// .
—
—— ]
//
CHANNEL 16 A
e ——— T T T T CHANNEL3__ ]
ey ot et ete Sk s Bnrsion Bl oty Bl SRV
4 6 8 10 12 14 16 18 20 22 24 26

CHANGE IN KERNEL FUNCTION (%)

Figure 2.4-7 Sensitivity of Thermal Wind Estimates to the
Kernel Functions

2-33




v) All-Parameter Perturbations

To evaluate the effect of all parameters being perturbed together in one simple way, ad-
ditive perturbations of the complete collection of parameters discussed in this section were
made simultaneously. Consistent with previous results, the percentage changes in thermal wind
estimates across the lower four lavers were different than that in the topmost (200 mb -
100 mb) laver. Table 2.4-4 summarizes results for perturbations up to 20¢. Note that the frac-
tional change for the sum over all layers is less than that over the first four. This occurred
because the estimate in the top layer becomes more negative by 30¢. therefore countering
much of the positive (11.2%) perturbation over the lower layers. The sensitivity (S) values are
included in the table to demonstrate the non-linear nature of the perturbation effects. That is, as
the perturbation magnitude increased from 3¢ to 20, the ratio of the estimate changes (over
all layers) to the perturbation magnitude actually decreased slightly.

[t should be emphasized that although the above simple experiment does provide some
useful insight into the effects of multiple parameter perturbations. global conclusions regarding
sensitivity cannot be drawn from these results. To obtain a more general description of parame-
ter sensitivity. at least two steps should be taken. First. the uniform perturbation of the kernel
functions should be replaced by a model of typical temperature profile uncertainties. This
should be a statistical model which represents correctly the correlation between temperature
perturbations at different levels in the profile. Second. a Monte-Carlo procedure should be used

Table 2.4-4 Fractional Changes in Thermal Wind Tstimates
(All Parameters Perturbed)

PARAMETER PERTURBATION
LAYERS 56, 10 20¢¢
2-5
Per-Layer 0.11 0.24 0.33
Summeq 0.11 2 (.53
Sensitivity (S) ) 2.4 2.65
6
Per-Layer (.30 .68 1.76
Summed 0.06 0.12 0.20
Sensitivity (S) 1.2 1.2 1.0
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to sample perturbations from assumed. reasonable distributions of parameter uncertainties. and
the distribution of the resulting estimates examined. Parametric models of those distributions
would then provide a convenient way of expressing the optimal estimation algorithm’s sensitiv-
ity to parameter perturbations as a function of assumed models of the uncertainties in thase

parameters.

2.4.2 Anaiyiic Sensidvity Resuits

i) Optimal Algorithm Sensitivity

Equations F.1-3 - F.1-9 which define the logarithmic or fractional sensitivity of each
component of the thermal wind estimation vector, g, with respect to each of the keme!l func-
tons. K. were evaluated for the Baseline Case defined in Section 2.2.3. The results contained
one surprising but. on reflection. reasonable result and provided valuable insight into interpreta-
tion of the perturbation results.

The surprising result is that all rows of the sensitivity matrix are identical. implying that
the sensitivity of the estimate is independent of the (upper) level. z. Table 2.4-3 shows the calcu-
lated sensitivities. Since these numbers represent logarithmic derivatives, they should be inter-
preted as ratios of fractional changes. For example,

Au ) oo [AR®

u, K?(l)

Table 2.4-5 Kernel Function Sensitivity Matrix: Optimal Estimate of
East Thermal Wind Component

KERNEL FUNCTION COMPONENT (CHANNEL)

LEVELS
3 4 by 6 15 16
700 mb
500 mb
300 mb 0.011 | -00131 -0.072| -0.056] -0.18 | -0.036
200 mb
100 mb
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where. on the right-hand side. the ratio is constant tor all values of z and the subscript indicates
the kemel function for channel 3. Lack of dependence of the sensitivity on the level is due to the
normalization in Eq. 2.4-8 and is consistent with Eq. 2.2-9 which showed that the kernel func-

tions atfect the estimates only through the scalar, d. which is independent of level.

The sign pattern (channel 3. +. all others, -) of the sensitivities is consistent with the
signs of the weights. ¢,. used to form the optimal thermal wind estimate. The relative magni-
tudes of the tarms are consistent with the relative magnitudes of the sensitivities displayed in
Fig. 2.4-7. The absolute magnitudes of the sensinivities are much lower in Table 2.4-5 (by a fac-
tor of two to three). This is due to nonlinear effects which drove the earlier perturbation results
but is not important in the infinitesimal case.

ii) Ohring Method Sensitivity

The <ensitivity matrix for Ohring’s method is computed using Egs. F.2-3 - F.2-9.
Table 2.4-6 contains this sensitivity mawix for the three channel estimation case (see
Tables 2.3-2, 3. and 4). The contrast with the preceding case is clear. The sensitivity varies with
the upper limit of the layer over which the estimate was formed (the lower limit was 850 mb in
each case). More importantly, the magnitude of the sensitivities are much larger in the Ohring
method sensitivity matrix. This is a significant result, provided it can be shown to hold over a va-
riety of cases (i.e.. data collection geometries and channel frequencies).

Table 2.4-6 Kernel Function Sensitivity Matrix: Ohring Estimate of
East Thermal Wind Component

KERNEL FUNCTION

MPONEN "HANNEL
LEVELS COMPONENT (CHANNEL)

3 4 15
700 mb -0.35 0.97 -0.33
500 mb -0.16 0.55 -0.16
N0 mb -(.087 (.36 -0.056
200 mb -0.11 0.38 ~-0.040
100 mb -0.22 0.54 ~().059
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3. SUMMARY AND RECOMMENDATIONS

This Final Report has presented theoretical results and summarized a demonstration and
sensitivity analysis of an optimal estimation approach to thermal wind profile estimation. The

most imporiant features of s approach are:

Direct estimation of the thermal winds from radiance data without intermediate
temperature profile estimation

Thermal wind estimates which are based on error models for all data used by the
algorithm

Thermal wind estimates which minimize the mean squared estimation error.

The demonstration was based on a single set of radiance data and therefore did not support
assessment of the mean-square errvor properiies of the optimal estimation algorithm. Important
conclusions which can be drawn from the demonstration are described in the following subsec-
tion. Recommendations regarding further work are presented in the concluding subsection.

3.1 CONCLUSIONS FROM THE DEMONSTRATION

Radiance gradient calculations — Since the optimal estimation approach requires ra-
diance gradients for each channel as input data, a preprocessing step is required .o estimate
these gradients from radiance measurements over a grid. During the development and demon-
stration, more time and effort was spent than expected on radiance gradient computation issues
due to the observed spatial variability of calculated radiance gradients. Our conclusion was that
additional effort would be needed to develop a robust algorithm for radiance gradient calcula-
tions. A planer fit approach was adopted for radiance gradient estimation which can be adapt-
able to an operational environment. That adaptation will not be trivial, however, since it must
deal with arbitrary data-array shapes, missing data points and quality control to avoid cloud-con-
taminated data.

Temperature and temperature gradient profiles — The sensitivity results clearly indicate
that these are important input data to the algorithm. For an operational system, they would be
derived from temperature field forecasts or based on persistence of a previous analysis field.
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Whether or not temperature profife uncertainties are critical to successful application of the al-
gorithm depends to a large extent on the form of typical temperature error profiles. As described
in Section 2.4.1(iv), kerne! functions are quite sensitive to bias-type temperature profile pertur-
bations. That analysis should be extended to reahstic protiles of temperature deviation.

The precise nature of the algorithm’s dependence on the assumed temperature gradient
profile was revealed by the new result summarized in Eq. 2.2-9. For the estimation algorithm im-
plementation used during this investigation, the form of the wind profile estimate is completely
determined by the initial temperature gradient profile. Processing the satellite data will scale the
thermal wind corresponding to that profile so as to best fit the actual thermal wind profile in a
mean-square error sense. Note. however. that this conclusion would change if a vertically vary-
ing error model for the uncertainty in the temperature gradient profile were included in the im-

plementation (see next paragraph).

Temperature gradient error model — [t was originally intended to develop and imple-
ment a mode! of the errors in the assumed temperature gradient profile tor use in the algorithm.
By the midpoint of the project, however, the extra time spent on radiance gradient calculations
and the desire for a thorough sensitivity assessment, necessitated delaying that devefopment.
Without that error model, the resulting mean-square errvor estimates are unrealistically low and
have not been discussed in this report. (Typical values are 1 m/s or less).

Preliminary work was conducted on the temperature gradient error model; completing its
development requires only selection of specific functional forms for uncertainty variations with
altitude and cross-correlations between deviations at different levels. Equations describing the
algorithm with this model included have been developed. Their implementation is more difficult
than that of the radiance gradient error model, but is a straightforward task. Completing this im-
plementation would be a key part of further work toward operational use of the optimal estima-
tion approach.

Channel and Algorithm Sensitivities — There are two important conclusions which can
be drawn from the numerical perturbation and analvtical sensitivity results. First, it is clear from
the kernel function sensitivities that the thermal wind estimates are most sensitive to uncertain-
ties in the kernel functions for the higher wave number channels. Therefore, an operational im-
plementation of the optimal estimation algorithm should use data from channels sensing
radiation at the longer wavelengths. Of course, this criterion must be balanced against the
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requirement to use a sufficient number of channels to provide sensitivity to the horizontal tem-
perature gradients within the altitude bands of interest.

Second. analytical results showed that the optimal estimation algorithm was much less sen-
sitive than Ohring’s method to kernel function uncertainties. While this result was based on only
one case (one data set and one set of channels). it is consistent with the optimal algorithm design
whicn minimizes a functional (Appendix G, Eq. 3.1-19) which is less sensitive to the kernel
function than that used by Ohring’s method (Eq. 2.3-3).

3.2  RECOMMENDATIONS

The following specific recommendations are made as a result of the experience gained in
this project. The ultimate objective toward which these recommendations lead is a prototype of
an operational implementation of the optimal estimation algorithm for thermal wind profiles.

1) Complete development and implementation of an error model for the initial
temperature gradient protile uncertainty.

i) Investigate algorithm sensitivity to realistic temperature profile uncertainties.

i) Use supporting satellite images to evaluate carefully the effect of clouds in
the regions surrounding the locations at which the thermal wind is estimated
in a representative data set.

i)  Conduct a statistical evaluation of algorithm performance over a suitable
data set.
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APPENDIX A
RADIANCE DATA

This appendix contains 12 plots, 2 for each of the 6 HIRS/2 channels used in the demon-
stration. Each plot shows radiance data along each of 6 scan lines, either the upper (more north-
erly) or lower (more southerly) 6 scans spaced approximately 40 km. apart. The abscissa (scan
axis location) increases in the easterly direction. Recall that the scan lines are rotated approxi-

mately 20° to the north of due east (see Fig. 2.1-2).
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APPENDIX B
RADIANCE GRADIENT ESTIMATES

The six plots in this appendix show the spatial variability of the radiance gradient vectors
computed from the data using a planar fit over a 7 x 7 grid centered at each of the 25 locations
in each plot. Thus an adjacent pair of gradient vectors (along the same scan line or the same
track) were computed from grids containing 36 comumon points. The plots contain qualitative in-
formation only; magnitudes were normalized so that the longest vector fit within the rectangle
which represents the (approximate) 40 km x 40 km grid. The unequal scales on the north and
east axes distort the true angular ortentation of each vector.

Clearly, spatial variability varies significantly between channels. Channel 2 gradients
show little magnitude variation while Channels 4, 5 and 6 have ubout identical large magnitude
variations. Channel 15 varies widely in both magnitude and direction.
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APPENDIX C
KERNEL FUNCTIONS

The two plots in this appendix display the kernel functions. K;(z), used in the demonstra-
tion. They were computed from the formulas presented in Appendix G using the Gibraltar
measured temperature profile, Fig. 2.2-1.
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Figure C-1 Kemel Functions: Channels 3. 4, 5, 6
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APPENDIX D
RADIANCE GRADIENTS FROM PLANAR FITS

The Interim Report. Appendix G. presented an algorithm for computing radiance gradi-
ents from the array of measured radiance values based on a cubic spline fit to the raw data field.
Examining results of that algorithm using the supplied data led to concern regarding the vari-
ability of the results. In order to reduce the effects of measurement errors and modeling ap-
proximations, slopes of those bicubic spline fits were averaged over specified subsections of the
complete data grid (e.g.. overa 5 x 5. 7x 7or 9 x 9 array). Observed variability was unexpect-
edly large and not consistent with the assumed measurement noise models.

To avoid further loxs of time while trying to resolve the issues raised by the cubic-spline
results. an altermative, simpler procedure was installed based on planar fits to the observed data
values over specified subgrids. This appendix presents the equations which implemented this
procedure and, most importantly. the corresponding error model for radiance gradient estima-
tion error consistent with that procedure. Results of this procedure, summarized in Section 2.
while still showing some variabitity with sub-grid size and location, are much more consisten:
with the assumed radiance measurement error model.

D.1  PLANAR FIT ALGORITHM

The planar fit algorithm is based on the following problem formulation:

Given:  R(x;), Radiance measurements at one wavelength at position
Xi. i=1,..N, where x; = (x;.x;) define a two-
dimensional regular grid

Find a plane:

f(x) =a+ bx, +cx, =d¥ x' (D.1-1)




where:
= (1 x;,x>) andd' = (abo) (D.1-2)

|~

Such that:

) = > R(x) - ()] (D.1-3)
1S minimized.

This straightforward least-squares problem has the well known solution

d=AaA"'e (D.1-4)

in which the 3x2 matrix A and the vector e are as tollows.

1 XN X2
N . k) R
N S I ©.1:)
= \71 NiXy ‘:‘;_-)
€ = Z‘ R(:\;I):\:’l (Dl'é)
!

Equation D.1-1 defines a plane whose gradient, (b ¢). is an estimate of the radiance gra-
dient at the center of the data grid expressed in the data grid coordinates. These coordinates
were along the track and scan axes (X; and x; respectively) of the satellite data collection path.
Since the wind profile estimation will be conducted in an (East. North) coordinate system, the
above gradient vector is rotated by the following transformation:

N sin oy cosy i
T = | cos yoosiny (D-1-7)

where y = counter-clockwise angle from the East axis to the scan axis. In this formulation, it is
assumed that the track and scan axes are orthogonal. The actual track and scan axes were
slightly non-orthogonal, with deviation up to 2° in some parts of the data coliection region. The
orthogonal approximation will cause a very slight error in the direction and, to an even smaller




extent. magnitude of calculated radiance gradients. These errors are far below the noise level of

the radiance gradient estimates.

Software was written and tested implementing Egs. D.1-4 - D.1-7 for user-selected

square subgrids located anywhere within the complete 11 x 11 grid selected for analysis. Results

are presented and discussed in Section 2.1.

D.2 PLANAR FIT ERROR MODEL

The error model tor radiance gradient estimates computed by the above procedure is

derived from two sources: the measurement error mode! for the radiance data and the modeling

error implied by the planar tit. To present the error model in a compact form. the radiance gra-

dient estimates are written

where

and

Now,

VR' = HR

biTH ) XXX

R(x) R(32) .. R(x.'

12§

R =Rp+

N

where the subscript T indicates the vector of true radiance values and the last term is the meas-

urement error vector. Therefore

and

VR' - HRy + HR

TR' = (VR'), + ¥R'




where in Eq. D.2-7 the gradient is expressed as a sum of the true gradient vector plus the error
term whose covariance will define the error model. If the true radiance values actually do, in
fact. lie in a plane, then there is no modeling error (referred to earlicr) and the first terms on the

right hand sides of Egs. D.2-6 and 7 are equal. In this case. the error model is

—— —_—

I = Cov (VR) = H Cov (R)H' (D.2-8)

Results presented in this report are based on the assumption that modeling error can be ne-
glected (so that Eq. D.2-8 holds).

The covariance of the radiance data vector error. R, in this equation is exactly the same
as the & marrix discussed in Section 2 of the Interim report. All analysis results reported in this
document used a ¢ marwrix based on parameter values (measurement error variances and corre-
tation distances) stated in that report.




APPENDIX E
PROOF OF ALGORITHM VALIDITY

The objective of this proof is to demonstrate the consistency of wind profile estimates.
i.e.. that in the absence of noise and numerical error, the algorithm will produce the correct
thermal wind estimates. A special case of consistency was shown earlier in the Interim Report
(Appendix G). Though the simple linear torm assumed for the temperature field in that special
case was useful in the simulation-based check of the wind profile estimation algorithm. it was.
in fact. not required in the analytical proof that wind estimates converge to the true thermal wind

in the limit as the radiance gradient error covariance matrix I' approaches the zero matrix.

The critical step in the proof is recognition that. for any continuously differentiable tem-
perature field. T(y.z) (since we are presently examining only the east component of the thermal
wind. the x dependence is not indicated). the following relationship holds:

g = f (E-1)
where both sides of Eq. E-1 were defined in Section 2.2.1. Note that distinct symbols are re-

quired on the two sides of Eq. E-1 because g is based on radiance measurements whereas @ is
based on the assumed temperature gradient.

To prove that

Iimua = u
u u E-2
r—0 (E-2)

it is sufficient, via Eq. 2.2-7 and 2.2-8. to prove that

lim g! P9 = 1|

& E-3
F—0 (E-3)
i.e.. that
. I -1 _
ll‘m A PO =1 (E-4)
-0
by Eq. E-1.




The remainder of the proof follows verbatim that for the linearly varying temperature
field. Applving the Sherman-Morrison formula (Ref. 3) to Eq. 2.2-4. Ptis given by

P‘l = r—l - (‘1—;—(;11?!(; )I!Q QI l‘" (E‘S)

Now. the lett side of Eq. E-4 can be expressed as

lim (8! P!y =

r—90
lim ol E' - -ﬂ—-'-l--\—r- r'o ¢! r-‘](_; (E-6)
r-o0 I +60' 176
which becomes
, olr-'e .
lim (@' Py = lim I - —3--[,——-»_—,— lr-legg =1 (E-7)
Fr—0 - r—o L+6T1T7°6 h

Thus the thermal wind estimate U approaches the true value u® as the radiance gradient
error covariance matrix approaches zero. This result not only provides theoretical justification
for the algorithm. but also enables a check for vertical discretization and numerical integration
errors.
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APPENDIX F
SENSITIVITY EQUATIONS

Although the most important results regarding robustness of the new optimal estimation
algorithm are based on actual algorithm executions using perturbed parameter values, sensitiv-
ity equations based on linearized equations provide important theoretical results in a cost-
efficient manner. These linearized sensitivity equations are presented in this appendix for both
the optimal estimation approach and for Ohring’s method. Numerical results based on these
equations are presented in Section 2.4 alorg with algorithm perturbation results.

F.1  SENSITIVITY Or THE OPTIMAL ESTIMATION ALGORITHM

Sensitivity equations can be derived for any of the algorithm parameters or data values.
This section presents equations only for the sensitivity with respect to values of the kemel func-
tions, K(z), because those functions depend on the most important input information. namely
the nominal temperature profile, the Planck functions, and the absorption protile (see Appen-
dix G). Sensitivity equations with respect to the assumed temperature gradient profile could be

derived in a similar manner.

There is one important technical point in the following derivation that should be noted.
The kernels, K|(z) are functions of z, so a functional analysis viewpoint (using a Frechet
derivative, for example) should be used to express sensitivity with respect to the “kernel func-
tions”. As an alternative. simpler approach, the following derivation is based on an approxi-
mately uniform fractional perturbation throughout [0, z].

The sensitivity equations are based on a logarithmic derivative of the estimates. u.
(Eq. 2.2-2) with respect to each of the kernel function components. So. there is a n x m matrix
of sensitivity functions defined by:

g = 3 In u (z) (F.1-1)
d In K)'




The ij™ element of S is given by
1. ....n 9
m (F.1-2)

oy
—_

s - R _K_ ady!
) t AU]‘ (z)) oK, J

By extensive but straightforward manipulation. the following formula for the complete

sensitivity matrix results:
(F.1-3)

, R .
S =~ @ Up (2t -BC) Ky
where
Iy .ge
a; = f ot (F.1-4)
) ('y
Up = Diag i(1/u(z) (F.1-3)
u=Plg. b=a-CH (F.1-6)
(C is given by Eq. 2.2-3 and a by Eq. 2.2-6),
ﬂ = .()lb £ (F]'7)
and
K;p = Diag (k) (F.1-8)
where the diagonal elements are constants.
(F.1-9)

]

] “t
kj = — | K, (8) | dC
YA\ I

F.2  SENSITIVITY OF OHRING’'S METHOD
The approach used to develop a sensitivity equation for Ohring’s method parallels that in

the previous section, with a few necessary modifications. Since Ohring’s method is formulated
to yield layer estimates (Eq. 2.3-1) we define the vector of summed estimates analogous to that

produced by the optimal estimation approach as follows:
(F.2-1)




where u;_ is the vector of estimates calculated using Eq. 2.3-1. and the matrix L has elements
g )1 iz (F.2-2)
4 0 1 <

So, the sensitivity matrix for Ohring's method is

S = - (R/f) Uy L (tiot, - Bo Co) Kp (F.2-3)

where Upis a diagonal matrix analogous to Eq. F.1-3 but containing Ohring’s summed esti-
mates, Ui, and Kp is again given by Eqs. F.1-8 and F.1-9. The other terms are:

tio = Az - Co k (F.2-4)
where
Az, = 2,41 -7, 1= 1,.... n (F.2-3)
Ly
G (F 2:6)
o = MRy (F.2-7)
where M is given by Eq. 2.3-6,
Bo = k' vo. (F.2-8)
and finally, cl
Co = j (F.2-9)
et

where ¢;, t = 1. ..., n, are given by Eq. 2.3-5.

The similar forms of the Ohring and optimal estimate sensitivity matrices should not be
surprising because of the outwardly similar form of the estimators. That their numerical values
are much different is shown in Section 2.4.
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1. INTRODUCTION

The need for determining wind fields in data-sparse
regions has prompted several investigations into the use of
satellite radiance data for wind profile determination. Ref-
erences 1, 2, and 3 describe methods which compute thermal
wind directly from radiance measurements, avoiding the error-
prone path of first determining temperature profiles (the
inversion problem) and then computing thermal wind via the
thermal wind equation. The present effort extends previous
work (notably Ref. 1) by formulating an optimal estimation
algorithm based on a statistical error minimization criterion.
Statistical models of error sources in the data collection and
data analysis processes are an integral part of the formula-
tion. 1In this report, only the radiance gradient error model
has been defined. The algorithm structure can accommodate
error models for temperature gradients and frequency-dependent
weighting functions as well. Descriptions of these models
will appear in the final report.

Background, motivation, and discussions of previous
work related to this effort are found in Ref. 4. The work
tasks, as outlined in Ref. 4, are listed in Figure 1-1. Pro-
gress achieved to-date for each task is indicated by shaded
bars.

The remainder of this report is organized as follows.
Section 2 provides a description of the satellite weighting
function models used in this effort. A description of the ra-
diance gradient error model is also provided. Section 3 de-
tails the baseline algorithm formulation including all
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assumptions and equations. An extension to the baseline algo-
rithm, based on a closed-form iterative approach, is described
as well. 1In Section 4 the data to be used in producing pre-
liminary demonstration results are identified and described,
and simulation results for algorithm and software verification
are presented and discussed in Section 5. A summary iS pro-
vided in Section 6.




2. MODEL FORMULATION

For use during algorithm development and testing,
parametric forms for the baseline kernel functions and the ra-
diance gradient error model have been defined. In addition to
their utility during algorithm checkout and demonstration,
these models provide the means to determine estimate sensi-
tivities to various model components. The parametric models
for the kernel functions and the radiance gradient error model
are described in Sections 2.1 and 2.2, respectively.

2.1 SPECIFICATION OF THE KERNEL FUNCTIONS

As will be discussed in Section 3 the theoretical ra-
diance measured by the satellite radiometer in each specific
channel is computed from the radiative transfer equation in-
volving a vertical integral of a product of temperature and a
frequency-dependent kernel function. The kernel or weighting
function K, (2) associated with the ith channel of the satellite
radiometer is given in Ref. 4 as

_ dB; dr,
Ki(2) == (T, (2) 152 (2) (2.1-1)

where B, is the Planck function at the ith frequency or wave
number, T is temperature, z is an altitude variable, To(z) is
a given nominal temperature profile, and TiiS the transmit-
tance function at the ith frequency.
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The Planck function for a discrete wave number viis
given as

C1 vl
B, (T) = (2.1-2)
exp(c2 vi/T) -1

where B is black body radiance in W m-2 sr-1 cm, T is absolute

temperature (deg K), and c, and c, are constants (cl=1.1911*10—8

W m-2 sr-1 cm¢ and c,=1.439 cm deg). Differentiating Eq. 2.1-2
with respect to temperature yields

4
) ¢, C, v. exp(c,v.,/T)
SB] - 1 2 "1 271 (2.1-3)
T T2[exp(c,v; /T)-1]2

Values for this term at each wave number of interest are com-
puted using the nominal temperature profile.

The transmittance Ti(Z) at wave number v, from alt:-
tude z to the "top" of the atmosphere is a complex function of
atmospheric constituents. In this effort the vertical deriva-
tives of Tineeded to evaluate the kernel functions (Eq. 2.1-1)
are represented by analytic expressions fit to published
curves. Plots of the derivative function

dr;

A .1-4
T ap?” (2.1-4)

for the HIRS/2 are contained in Figures 2.1-1 and 2.1-2 (See
Ref. 5). Parameter values a, b, ¢ at each v, for which the
following functional form

$(p) = a p° exp(-cp) (2.1-5)
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best fits Eq. 2.1-4 have been determined. The best fit crite-
riocn used is the quadratic function

n

Z [ 70 ) - ¢ ))* (2.1-6)
1 1 J J

J:

where the n pressure levels are preselected. Sample fits are
illustrated in Figure 2.1-3. As a rule, the fit is best for
roughly bell-shaped curves, e.g. those corresponding to chan-
nels 2 and 15. The fit for the curve corresponding to channel
6 is improved by weighting points in the 250-1000 mb range
more heavily, as illustrated by the dotted line. From these
parametric forms, it folluws that

dr, dr. 2
i i 2 b+ )

= = — s - 21_7
dz d(ln p) (7 )I)( 7/ exp(-¢cp) ( )

The product of Egqs. 2.1-3 and 2.1-7 is, for each frequency,
the desired kernel function.

2.2 RADIANCE GRADIENT ERROR MODEL

In this sextion a matrix expression for the fre-
quency-dependent radiance gradient error model is derived.
Publisheu values of HIRS/2 radiance measurement error standard
deviations are directly incorporated using a prescribed ana-
l-tic measurement error covariance model. The geometry of the
gradient computation is contained in the gradient error model
by modeling the specific bicubic spline derivative operations
made on the radiance data. For each frequency, radiance
measurements form a scalar-valued function r defined on a pla-
nar, Nx by Ny grid as pictured in Figure 2.2-1. A standard
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bicubic spline routine yields radiance gradients, for each
frequency, at any preselected grid point. It is shown in Ap-
pendix A that the radiance gradient at grid point (j,k) is a
linear transformation of the vector r of all radiance measure-

ments over the grid, 1.e.

¥r,, = F L (2.2-1)

where
- T
L=y Ty Tow, T2 P22 Tawn, o nyn Tz Tugony )
(2.2-2)
and ij is a certain 2 by (Nx* Ny) matrix which, as indicated

notationally, is dependent on the gridpoint. Equation 2.2-1
provides an analytically convenient form for deriving the




radiance gradient error model given a radiance measurement er-
ror model, especially in the case in which spatial correla-
tions are modeled. Since Eq. 2.2-1 yields the gradient at one
point, an averaging procedure has been defined to reduce data
errors and smooth results, i1f necessarv. The average radiance
gradient over a prespecified subgrid of Nspoints is given by

r -._._1_ ’
Lave— N Z Z (F_],k I) (2.2-3)
s 5 "

=FL

where the summation extends over the subgrid and where
F=-1 F. (2.2-4)
N J.k :
S J k

The averaging process yields a more representative radiance
gradient in the subgrid region. It follows that the radiance
gradient error covariance matrix I, defined by

FzE{Nf“ ii;ve} (2.2-3)

where gr,,, 1s the error in the computed gradient, can be
written as

—
n

F & F' (2.2-6)

where ® denotes the radiance measurement error covariance ma-
trix. The remainder of this section is hence devoted to the
specification of &.




Under the reasonable assumptions that radiance meas-
urement errors for one frequency are isotropic in space and
possess an autocorrelation function that decays exponentially
with horizontal distance, it follows that

E{F r ) =02 exp [ Y (2.2-7)
a b -—_—
D
where
T=r-r (2.2-8)

the difference between measurement and truth, a and b refer to
spatial locations, dai) denotes the Euclidean distance between
a and b, D is a correlation distance parameter and % is the
instrument noise variance for the channel. For preliminary
algorithm work, the parameter D is taken to be 300 km. Error

standard deviations from Ref. 6 are listed in Table 2.2-1.
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TABLE 2.2-1

HIRS/2 RADIANCE ERROR STANDARD DEVIATIONS

CHANNEL CHANNEL WAVE NUMBER ERROR STD. DEV.
(cm-1) (mw/m%sr cm 1)
1 669 3.00
2 680 0.67
3 690 0.50
4 703 0.31
5 716 0.21
6 733 0.24
7 749 0.20
8 900 0.10
13 2190 0.006
14 2210 0.003
15 2240 0.004
16 2270 0.002
17 2420 0.002
18 2515 0.002
19 2660 0.001
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3. ALGORITHM DEVELOPMENT

3.1 THE BASELINE ALGORITHM

The.fadiative transfer equation and the thermal wind
equation are the key elements in the derivation of the
baseline algorithm. The radiative transfer equation relates
the radiance, Ri, measured by a satellite-borne radiometer at
wave number V., to the atmospheric temperature profile. The
following simple form of the radiative transfer equation,
based on a given temperature profile (e.g., from a forecast
field), is derived in Ref. 4:

T
R, = RO + jo K, (z) T(x,y,2) dz (3.1-1)

where,
x,y define zonal and meridicnal directions, respectively
R? is a constant
z. defines the “top of the atmosphere"

Ki(z) is an approximately known weighting function at wave
number v, (see Secticn 2.1)

T(x,y,z) is the temperature profile at location (x,y)

z is the vertical coordinate defined by

z = In(po/p)




where p denotes pressure and P, denotes surface pressure.

Assuming that horizontal variations of K.1 are negli-
gible (following the treatment given in Ref. 4), the radiance

gradient is determined from Eq. 3.1-1 as
Zr .
VR, (x,y) = jo K, (2) VT (x,y.2) dz (3.1-2)

Equation 3.1-2 represents a two-vector with x and y components

IR, 7 aT

o el (3.1-3)
- "k @ - (z)dz

ay 0 ady

where the dependence on horizontal position has been sup-
pressed.

The thermal wind equation relates the thermal wind,
Y¥r. i.e., the vector difference between geostrophic winds (MG)
at two levels, to the horizontal temperature gradient

Ve (ga) = Vo (2 - Vo () =7 [ 0 x YD) d (3.1-5)
‘1

where
R is the gas constant

f = 2QSin(¢) is the Coriolis constant at latitude ¢ (Q

1S the earth rotation rate)
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kK is a unit vector in the vertical direction.

The horizontal gradient in this expression is within
constant pressure surfaces as opposed to a fixed geometric al-
titude. As discussed in Ref. 4, however, the difference is
assumed negligible in this effort. The scalar components of

MT are given by

R («oT
UT(Z‘!,ZU) = uGlzy) - uglzy) = Y ”a;dl (3.1-6)
‘1
R (2 aT
vr(zy,zy) = vo - violzg) = —| —d (3.1-7)
1(2y4,2y) 6(zy) a(zy) : L‘ x

where u and v denote the zonal and meridional components, re-
spectively.

The possibility of estimating thermal wind directly
from radiance data is suggested by the similarity between
EqQqs. 3.1-2 and 3.1-5. Both involve vertical integrals of the
temperature gradient profile. However, the integral in
Eq. 3.1-2 is over the entire atmosphere and is weighted by K,
while that in Eq. 3.1-5 is unweighted and limited to the layer
defined by (zy ,z,). In light of this, a function i3 defined

1 Zy, <2 < 2
W(z) = L= 5=t 3.1-8
(2) {O otherwise ( )

For notational convenience the dependence on the i1nterval
(zg .2,) is suppressed throughout the remainder of the report.

Equation 3.1-5 can now be written as
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R
VT: —-f—

j”W(z)[gxy_mdz (3.1-9)

The zonal and meridional scalar components are given respec-
tively by

z T
ur = —% J{rW(z) af« dz (3.1-10)
o] ()y
vp = R J” W(z) i_T_ dz (3.1-11)
f Jo X

Now, a linear estimator is defined using computed (that is,
estimated) radiance gradients for available frequency channels

. R R,
ur = -—f— Z (-3—— c (3.1-12)

where the c, are constants to be optimally determined. Hence-
forth, for simplicity, only the zonal component will be
treated here. An analogous procedure for the meridional com-
ponent is evident using radiance derivatives in the x direc-
tion. The computed radiance gradients consist of true plus
error quantities (~denotes an error quantity)

oR; R, + IR (3.1-13)

Dy ay ay

For convenience in the algebraic manipulations which
follow, the radiance gradient terms and kernel functions for
all available frequencies are organized into vectors, i.e.,




dy dy [ K,
A ~ KZ
g = 9K g = 9752- K = : (3.1-14)
- ay - oy
L |
Thus Eq. 3.1-12 is expressed in the form
fl'r = —1:— grg (31‘15)
where
C
C2
¢ = (3.1-186)

The statistical estimation problem consists of determining the
cnefficients ¢ to minimize the estimation error. For the zo-
nal component this is g.. .. by the difference between

Eqs. 3.1-15 and 3.1-10

f

~ RT. z aT
ur = -— [ng— er(Z) ‘:‘-—dl] (3.1-17)
0 ady
Using Eqs. 3.1-4 and 3.1-13, Eq. 3.1-17 1s expressed as

PR [ETQ [T kg T dz] (3.1-18)
g i ;
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The statistical minimization criterion is represented by

] = E {u}) (3.1-19)

and 1s quadratic in ¢. By differentiating Eq. 3.1-19 with re-
spect to ¢ and setting the result equal to zero, the minimiz-

ing solution is found to be

¢ = P! q (3.1-20)

where
P =1T+08" (3.1-21)
q = afb (3.1-22)

In Eq. 3.1-21, the ' matrix represents the covariance of the
11wdiance gradient errors as described in Section 2.2. The
vector § and the scalar a involve the temperature gradient and
the satellite weighting functions and are computed by the ful-
lowing numerical quadratures:

Zr 4T o Np-d aT T
Q =j 5 — dz = — Z _K_ (Zkol) —(Zh)) + 5 (Zk) "—(Zk) (Zk,l - Zk) (3 . 1'23)
n 6)’ 2 el 6) 6y
Zu 4T 1 & faT oT
a = J;] E; dz = 0) kz‘ (-{_’—y-(lk.z) + W(zk)) (Zeor = ) (3.1-24)
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where NL is the number of vertical levels and the symbol "=
denotes approximate equalilty. The root mean-square-error
(rmse) in the thermal wind estimate is given by

1
rmse = -l;(az - q" P q)E

(3.1-298)

It is worth noting that the minimization criterion

results in a biased thermal wind estimate. Thils 1s seen by
taking the expected value of Eq. 3.1-18. The bias is found to
be
R (¢ " 0T
(e = [ [W@) - K'd S dz (3.1-26)
0 (y

Although an wunbiased estimate could be determined, it would

not be optimal in the sense of minimum mean-square-error.

3.2 ITERATIONS AND STEADY-STATE

Reference 4 suggested a method for extending the al-

gorithm in Section 3.1. As a consequence of Eq. 3.1-6, it
makes sense to update the guess of the temperature derivative
profile by

oT f d -

— . (2) = -— — ur(z (3.2-1)
(r’)y)”"“ : R gz, T

i

gT Pl g (%;)sz) (3.2-2)

where the second equality follows from Egqs. 3.1-15 and 3.1-20.
The new guess of the temperature derivative profile could

then, In turn, be used to compute a new thermal wind by

G
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Eq. 3.1-12 and hence another update of the temperature deriva-
tive by Eq. 3.2-2. This iterative process could be carried
out indefinitely, assuming it converges eventually to a physi-
cally meaningful function. The validity of this assumption
has been the focal point of a thorough investigation of the
iterative approach, of which only conclusions are reported
here.

The setting defined in Section 3.1 (considering only
the zonal wind component) is a special case of the setting de-
fined in Ref. 4 (considering both zonal and meridonal wind

components simultaneously and minimizing a sum of squares cri-
terion). For the sake of maximum generality, we discuss 1it-

erative investigation conclusions in the latter setting. To
define circumstances under which the iterative procedure
vields meaningful results requires changing the notation in
Section 3.1 to fit the more general vector case. Equa-

tion 3.1-15 becomes '

Vo = -%C’;g (3.2-3)

where G 1s a 2xn matrix of radiance gradient terms

6R1 aRz
A dy ay o 5.
G - (3.2-4)
Ry iRy
0X dx

and ¢ is given by Eq. 3.1-20, where

P=-T+ 66 (3.2-5)

q=0a (3.2-6)
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and © and a are the matrix and vector generalizations, respec-
tively of 8, a defined by Eqs. 3.1-23 and 3.1-24. The itera-

tion given by Eq. 3.2-2 is now replaced by

YT. (2) = G P! O VI, (2) (3.2-7)

where i1 is the iteration index.

Many approaches exist in the mathematical literature
for determining conditions necessary and/or sufficient for a
function sequence

x
(VL@ } oy (3.2-8)
to converge. In this case, the most promising approach in-

volves looking not directly at the above function sequence,
but instead at an associated nxn matrix sequence

(¢ &)

D . .2-

{XJ|=O (3 9)
where

X = ©, (—);r (3.2-10)
Note that each Xi has rank at most 2 since 61 is nx2. The
advantages of a finite-dimensional linear algebraic formula-
tion over an infinite-dimensional functional analytic formula-
tion will become obvious as the discussion progresses. Since
combining Eqs. 3.1-23 and 3.2-7 yields

OL, = G(Ir + ©07T)"' 00 , (3.2-11)

it follows that
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xi*l = Xi([‘+X,)‘1 GTG(F+Xi)’1 Xi» (32-12)

i.e., the matrix recursion involves no integrations. Note
that if
(vt oY gr (3.2-13)

then
X = lim Xi
. (3.2-14)
I I
exists, i.e., convergence of {X} is necessary for uniform con-

vergence of {VT;}; moreover, the limiting function yT must sat-
isfy

VI = G(T + X)! X(Tl + X)'GT ¥T (3.2-15)

i.e., VT is a fixed point under the action of a certain 2x2
matrix based on X. In particular, the direction of VI is con-
stant (with respect to z) unless

G(F + X)Y'X(Tr + X)'GT =1 (3.2-16)

No analogous restrictions on the length of vT have yet been
found (approximate schemes are under consideration). The im-
portance of obtaining the limit X (in closed form, if possi-
ble) is nevertheless evident.

The following Theorem provides conditions sufficient
for {X;} to converge.
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Theorem Suppose that there exist n-vectors

a. by v
and scalars

Xe 2 0, v, =2 0

satisfying the two decomposability conditions

(3.2-17)
Xo = Xouu® + y, vv'
and the two grthogonality conditions
XT l"--lg = 0
(3.2-18)
ad + By = 0
where
a =u'I'a B =vT'b
(3.2-18)
y = u' I''b = vIIr!a
Then
X = lim Xi
i »
exists. Moreover, there exist x > 0 ...d y > 0 such that
T T

X = Xxuu

Explicit formulas can be written for x and y under each of
four cases.

For convenience, let
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A =u'TI'u

1<

u o= vty

Formulas are written out for x in each case. Similar formulas

. for y are obtained by replacing a, y, 4, xo by B, 4, u, yo respec-
tively in each expression.

Case i) If

0 < 44 < a? + ¥

and

al + ¥ - 22 - Ja? v+ ¥ Ja? v ¥ - 4 < 2%,
then

x_al+y"'—2,{+y’az+};y’al+y2—4l

222

Case i1) If

Case iii) If

0 < 44 = a* + ¥

and
. al + Y - 24 < 24, ,
then
at + ¥ - 22
X = -
242

Case 1v) Otherwise x = 0.




Thus one observes from the Theorem an "upper bound"
on the covariance matrix I' (in terms of the two quantities A
and u) for which nonzero limits X exist. This upper bound may
be thought of as a "reasonableness" bound, beyond which the
iteration procedure converges to physically unrealistic pro-
files.

We wish to emphasize the importance of closed form
solutions as presented in the Theorem statement. The itera-
tive procedure for estimating temperature gradient profiles
need not be iterative if such formulas are always applicable.
The advantage of such formulas is that they would not be sub-
ject to possible slow convergence rates which have frequently
occurred during computer experimentation using artificial in-
puts (and which might be hazardous and expensive if programmed
into a wind profile estimation procedure).
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The radiance data, rawinsonde data, and temperature
field data described in this section have been acquired for
purposes of algorithm evaluation and demonstration. No data
processing results have been prepared for this interim report,
but demonstration results will be featured in the final report
due at the end of the contract period.

4.1 RADIANCE DATA

Radiance data from the High Resolution Infrared Ra-
diation Sounder/2 (HIRS/2) of the NOAA-7 polar orbiting satel-
lite has been obtained for algorithm demonstration purposes.
The device is a part of the TIROS Operational Vertical Sounder
(TOVS) instrument package and senses radiation in 20 channels
in the infrared spectrum. The data set covers the region 10°W
- 5°E and 30°N - 43°N (Western Europe and a small part of
North Africa) as shown in Fig. 4.1-1; data for 4 March 1982
1300 UTC are included.

The radiance data obtained had been preprocessed to a
‘Level 1-B° format. Data in this form are 1) quality con-
trolled, 2) assembled into discrete data sets, and 3) un-
calibrated and untransformed. Calibration coefficients and
earth locations are included in the data set.

The data contains brightness temperatures which must
be adjusted using band-correction coefficients and converted
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Figure 4.1-1 Coverage of Demonstration Radiance Data Set
to radiances. The required apparent brightness temperature,
T*, is given by
(4.1-1)

T* =c¢T. + b

where T, is the band-corrected brightness temperature and b
and ¢ are coefficients dependent on the sensor and channel.
Using T*, a radiance is computed using the Planck Function
(Eq. 2.1-2) at each channel frequency.

wWith a grid of radiance values established, radiance

gradients at each grid point are computed using a bicubic
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spline routine. (Routines from the IMSL library were used in
this effort.) The grid, however, is aligned with the satel-
lite scan (s) and track (t) directions. The desired gradients
in zonal and meridional directions are given respectively by

R dR ot dR 35

R _ oK L, 98 os (4 1-2a)
ox Jt  o0x ds  0x
R GR at 0R 4 (4.1-2b)
ay oty as  dy

with
o _ o i?i/’_ (4.1-3a)
dx gy dx
at 3
o _ ot op (4.1-3b)
ay d¢ dy
os _ 9s oy (4.1-3¢C)
b e oY X
s _ 5 99 (4.1-3d)
oy d¢ ay

where y, ¢ are earth longitude and latitude (in radians) re-
spectively, and, under the assumption of a spherical earth,

o _ 1 (4.1-4a)
ax R, cos¢

o _ 1 (4.1-4b)
ady R.

where Re 1s the radius of the earth in kilometers. The satel-
lite track/scan geometry relative to earth is such that ana-
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lytic expressions for the derivatives at/ay, at/ap, ds/oy, and ds/i¢p
do not exist. However, earth latitude and longitude for every
radiance data point 1s included in the data set. Therefore
these derivatives were computed numerically using finite dif-
ferences.

Finally, to compute 3R/at and dR/ds, the radiance data
were fit to a surface using a cublc spline routine. The de-
rivatives were evaluated from this surface at every grid
point.

4.2 RAWINSONDE DATA

Rawinsonde observation (RAOB) data were ordered from
the National Climatic Data Center (NCDC) to provide “truth’
data for comparison with estimation results. Data from sev-
eral RAOB sites on or near the Ibertian Peninsula, an area cov-
ered by the radiance data, were ordered. However, for 4 March
1982 1200 UTC (the synoptic time nearly coincident with the
collection of the radiance data) upper air data for only one
station, Gibraltar (08495) were available. This finding was
both disappointing and puzzling since Ref. 7 presents maps of
thickness values at various pressure intervals for these Ibe-
rian sites.

The Gibraltar u and v wind component profiles are
shown in Fig. 4.2-1. A northwesterly flow from 1000 mb to
500 mb is indicated. Above this layer, the flow weakens, and
winds become light and variable in direction.
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Figure 4 2-1 Gibraltar Rawinsonde wind Data
4.3 TEMPERATURE FIELD DATA

Paper copies of 850, 700, 500, 300, 200 and 100 mb
National Meteorological Center (NMC) height contour and tem-
perature analyses were ordered from NCDC for 4 March 1982
1200 UTC. Wwind speed analyses replaced temperature analyses
for the 300 and 200 mb levels. Therefore, these temperature
fields were subjectively analyzed over the area of interest.
Temperatures were interpolated to a one degree by one degree
grid for display and gradient calculation purposes. Fig-
ures 4.3-1 through 4.3-4 show the 850, 500, 200, and 100 mb
temperature analyses.
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The 850 mb temperature analysis (Fig. 4.3-1) indi-
cates a strong temperature gradient oriented north-south over
the Iberian Peninsula. The isotherm pattern corresponds to a
"dry" cold front oriented northeast to southwest. The 500 mb
isotherms (Fig. 4.3-2; indic=ate a strong gradient over the
northern half of Spain; the gradient weakens southward. At
200 mb (Fig. 4.3-3), an interesting temperature pattern devel-
ops. A cold area is noted near Gibraltar with a weak tempera-
ture gradient to the north and strong gradient over Morocco
and Algeria. Finally, the 100 mb isotherm pattern
(Fig. 4.3-4) reveals a reversal in the direction of the gradi-
ent with cold air to the south and warmer air to the north.
This pattern 1s expected due to the increasingly higher level
of the tropopause with decreasing latitude. These analyses
along with the 700 and 300 mb analyses (not shown) are used to
compute temperature gradients near and around Gibraltar.




5. ASELINE SIMULATION LT

For purposes of algorithm and software verification,
simulation results have been generated using the baseline al-

gorithm (Section 3.1). The objective here is to analytically
compute radiance gradients from a simple, prescribed tempera-

ture field and the satellite weighting function models, exer-
cise the algorithm with these simulated data, and compare the
computed thermal wind estimates with the “true” values com-
puted directly from the thermal wind equation. The simulation
procedure for the zonal wind component is detailed below, fol-
lowed by simulation results.

For simplicity, but with no loss in generality, the
temperature field is prescribed with a horizontal gradient
which does not vary with altitude. That 1is,

T(y.,z) = By + yz (5-1)
where
T
B = —— = CONSTANT (5-2)
dy

The overbar emphasizes the constancy of the derivative. The
zonal thermal wind for the layer (z,, zu) is computed from
Eq. 3.1-6 as

"R 8T (5-3)
U, = — ——
T f 3y Az
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where

Az = z - 2 (5-4)

This u. represents the true value for comparison with simula-
tion results.

Radiance gradients are computed from the prescribed
temperature field and the satellite weighting functions (which
depend on the vertical temperature profile) using Eq. 3.1-4.
The computation is simplified as a result of the vertically
constant temperature gradient. At each relevant wave number,

—_ Z7
OR; _ AT | x 4z (5-5)
oy ay J,

Since the K.l are represented as analytic forms (see Sec-

tion 2.1), an IMSL routine (DCADRE) readily computes the inte-
grals to a specified accuracy. The computed gradients at
selected frequencies, along with the prescribed temperature
information, are the inputs to the baseline algorithm.

To show that the baseline algorithm will produce the
correct wind estimate in the absence of noise and numerical
error (due to using the trapezoid rule), let

[ ) [ m
Kid —
JO 12 0y
I - IR,
L= j Kpdz £ = oy (5-6)
o}
G-34




and use Eq. 5-5 to get

=)

g - 9T | 5-7
=3 vy ( )

The zonal thermal wind estimate is given by (see Eq. 3.1-15)

. -R ghc
U, = — " (5-8)
wherc, following the treatment of Section 3.1,
g = P‘lg (5-9)
P = r + QQT (5—10)
q = af (5-11)
and, for this case,
oT
6 = —L -
[ ay - (5-12)
a = QI-AZ (5-13)
dy

Using Eqs. 5-7, 5-8, 5-6 and 5-12, the thermal wind estimate
for vanishing radiance gradient errors becomes

lim . lim [-R oo
r—p (r = 2 {T QTP’S} (5-14)
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Applying the Sherman-Morrison formula
plis given by

(Ref .

ot - [— L Jrgerr
1+ 0T 9) =~

Now Eq 5-14 can be expressed as

I .
r_l_TO {UT} =

lim f-R ] -
et < | 90T as
N e e L

which becomes

lim . lim [-R 6'r'e T
r—oWth = 1 {T(‘ " TS g )l

|
T’:
23
frmt—
- %
ﬁ
+

SRR
x|

7

B

—
=
=
S’

Thus the thermal wind estimate ; approaches the true value u

9) to Eq.

(5-15)

(5-16)

(5-17)

(5-18)

(5-19)

T

as the radiance gradient error covariance matrix approaches

Zero.

This result not only provides theoretical justification

for the baseline algorithm but also enables a check for verti-

cal discretization and numerical integration errors.
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Using a vertically constant meridional temperature
gradient of -0.0065 deg K/km and estimating the zonal thermal
wind for the layer 850-700 mb, simulation results have been
generated and are summarized in Table 5-1. It is clearly
shown that as the radiance gradient error covariance matrix,
[, approaches zero, the estimates approach the correct value,
as dictated by the theoretic treatment above. Since radiance
gradient errors are the only random errors presently modeled
in the baseline algorithm, the estimate root-mean-square-error
also vanishes as [ decreases.

The simulation procedure not only serves to verify
the algorithm and implementation, but also provides a useful
tool for sensitivity studies. For example, estimate and esti-
mate error sensitivities to the following quantities can be
determined

° Radlance measurement error model parameter
® Radiance gradient errors
° Satellite weighting functions

TABLE 6-1

BASELINE ALGORITHM SIMULATION RESULTS

ZONAL WIND, u; ROOT-MEAN-SQUARE - ERROR
(m/s) (m/s)
TRUE VALUE 3.5 -
BASELINE RADIANCE 2.5 1.6
GRADIENT ERROR
MODEL, T
710 3.3 0.7
/7100 3.4 0.2
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) Temperature errors
° Temperature gradient errors
* Channels selected

Further work in this area will assist in error model develop-
ment, particularly for the satellite weighting functions and
temperature and temperature gradient errors.

The simulation results are encouraging, but in proc-
essing actual radiance data the wind estimates may deviate
from observed values for the following reasons

* nonzero radiance gradient estimation (i.e.,
calculation) errors

) inexact satellite weighting functions

[ differences between true winds and
geostrophic winds

° observation errors

. temperature and temperature gradient errors

Demonstration results using the data sets described in Sec-
tion 4, among others, will be presented in the final report.
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6. M Y

An optimal thermal wind estimation procedure directly
utilizing frequency-dependent spatial radiance gradients has
been described herein. The procedure is optimal with respect
to the models developed for radiance gradient errors and sat-
ellite kernel functions. A nominal temperature profile and
temperature gradient profile, to be provided operationally
from a forecast, are key elements of the procedure. This in-
terim report presents both a baseline formulation and an ex-
tension of that approach based on iteratively updating the
temperature data along with the thermal wind estimates.

The baseline algorithm and software was verified us-
ing simulated radiance gradients. Simulation results were
shown to be consistent with baseline algorithm theoretical
calculations. Actual HIRS/2 radiance data, described herein,
will be used for algorithm demonstration later in the contract
period, and results presented in a final report.
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APPENDIX A-l
TRANSFORMING RADIANCE MEASUREMENTS INTQ RADIANCE GRADIENTS

The objective of this appendix is to find a 2 x

Nx * Ny matrix, F such that the radiance gradient at grid

ik’
point (j,k) can be obtained by multiplying the vector r of all
radiance measurements over the grid (as defined by Eq. 2.2-2)

by ij. This form is useful in developing the radiance gradi-

ent error model.

Figure A-1 illustrates an N, by Ny radiance grid with
horizontal separation distance parameters Ax and Ay. The
partial derivative of radiance r at point (j,k) with respect
to x is calculated using r values along the jth row of the
grid; the partial derivative of r with respect to y is calcu-
lated using r values along the kth column of the grid. The
cubic spline routine passes a set of cubics through the radi-
ance values of either row or column, using a new cubic in each
subinterval. In order for both the slope and the curvature to
be the same for the pair of cubics that join at each point,
the following equations must be satisfied for i = 2, 3,
N.-1 (see Ref. 8)

or: i ar; . or; ..
Ax(—’—’ +42n o 2 ) = 3hia - 3he (A-1)
dgX (5.4 oXx
and, for i = 2, 3, , Ny—l
_ arl"]k arlk (',rlf]k_ = 3r _ 3r (A' 2)
()y ay ay i-1.k itl.k

A-1-1
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0x
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ay
_ Ay 4ar;\'y—l.k
ay
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Equations A-1 through A-6 permit calculation of the transfor-

mation matrix Fj Define N, by N, matrices Qx and Px as the

K
coefficient matrices of the left hand sidec and right hand
sides, respectively of Eqs. A-1, A-3, and A-4. Equivalently,

9.1
X '
- Ax Qq : = P, . (A-T7)
CUTN N
ax
For instance, 1f Nx = 7, then

0
4100 00
0

Q. =L 001 41 00 (A-8)
0001 410
00001 4 1
0000042
5 -4 -1 0 0 0 0
30 -3 0 0 0 0

P =0 0 0O 30 -3 0 0 (A-9)
O 0 0 3 -3 0
o o 0 0 30 -3
n 0 0 0 1 4 -5

The boundary conditions are captured in the first and last
rows of Q, and P, with the remaining conditions occurring in-
between. Define Ny by Ny matrices Qy and Py similarly. Then,
if




it follows that
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The final step consists of defining an (Nx+Ny) by

trix ij such that
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It can be easily shown that
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where e denotes the ith unit vector in (NK* Ny) dimensional

space. Hence

vior
Fix = H; « (A-15)
0T w!
is the desired transformation matrix and
(A-16)

Vrx = Fjxr

as was to be shown.
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